Though the electrical responses of the various polymorphs found in ferroelectric polycrystalline thin film HfO 2 are now well characterized, little is currently understood of this novel material's grain sub-structure. In particular, the formation of domain and phase boundaries requires investigation to better understand phase stabilization, switching, and interconversion. Here, we apply scanning transmission electron microscopy to investigate the atomic structure of boundaries in these materials. In particular, we find orthorhombic/orthorhombic domain walls and coherent orthorhombic/monoclinic interphase boundaries formed throughout individual grains. The results inform how interphase boundaries can impose strain conditions that may be key to phase stabilization. Moreover, the atomic structure near interphase boundary walls suggests potential for their mobility under bias, which has been speculated to occur in perovskite morphotropic phase boundary systems by mechanisms similar to domain boundary motion.
Introduction
in a "parent" orthorhombic phase (centrosymmetric Pbcm) can lead to stabilization of either the monoclinic or the polar orthorhombic phase. Furthermore, they speculate that a region of coherently strained HfO 2 lacking the monoclinic distortion might readily convert between the monoclinic and polar orthorhombic phase via a low transformation barrier.
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Experimental evidence also suggests that some amount of phase transformation may occur during the "wake-up" effect. 15, 16, [25] [26] [27] The complexities of characterizing polycrystalline and polyphasic hafnia thin films have, however, limited current information of phase distribution, coexistence, and domain structuring in this new ferroelectric system.
Internal boundaries are also crucial to consider as they can impact a ferroelectric material's mechanical and electrical response. This has been seen, for example, near morphotropic phase boundaries (MPBs) in the phase diagrams of certain materials. Pb(Zr,Ti)O 3 exhibits coexistence of polar rhombohedral and polar tetragonal phases, which exist in fractions and over length scales that depend largely on the composition. 28 Domain wall energy is an important parameter for determining the length scale of ordering and the domain sizes, and thus has important implications for mechanical and electrical behavior. 29 Because these systems contain multiple phases, "interphase boundaries" can form as walls between different phases. Furthermore, mobile interphase boundaries are speculated to move during cycling in small reversible and irreversible jumps like domain walls. [30] [31] [32] The presence of interphase boundaries in ferroelectric hafnia would thus be expected to influence its phase stability through internal strains at immobile boundaries, and its electrical properties in the case of those that are mobile which would contribute to changes in phase fractions.
In this article, interphase boundaries and single phase domains in Gd doped HfO 2 metalferroelectric-metal capacitors are studied using aberration corrected scanning transmission electron microscopy (STEM). Monoclinic, orthorhombic, and tetragonal regions are found to coexist within single grains, and the presence of domain walls in the orthorhombic phase are correlated to field-cycling history. Monoclinic/orthorhombic interphase boundaries are revealed and analyzed in the context of the structural parameters that govern their formation.
Moreover, our results highlight the similarities between the orthorhombic and monoclinic phases. These similarities lead to challenges in distinguishing a "defect" in one phase from the "normal" structure of the other phase. These combined results suggest that the environments near interphase boundaries lead to the formation of new orthorhombic regions. Contingent on the stability/mobility of these boundaries, such boundaries are proposed to facilitate some degree of phase conversion under electrical bias.
Results and Discussion
HfO 2 grains typically span the thickness of the film between the TiN electrodes, as shown by the bright grain spanning the distance between the two dark electrodes in Figure 1a .
Using high-angle annular dark-field (HAADF) STEM, the identity and orientation of phases in HfO 2 films are readily determined using the atomically resolved positions of the projected Hf atom sub-lattice. Connecting structure to polarization is essential for understanding the ferroelectric behavior of HfO 2 thin films. Polarization across the O1/O2 domain wall can be assessed by position-averaged convergent beam electron diffraction (PACBED), where missing mirror symmetry in the pattern corresponds to a lack of inversion symmetry in the material.
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This occurs for the Pca2 1 orthorhombic phase along the [001] o , and is indicated by arrows in previously reported to relax towards tetragonal symmetry in some instances. 16 We propose that these these current findings indicate the local environment near an interphase boundary can promote the stabilization of the tetragonal phase deeper into the grain bulk to ∼2-4 nm. Transition regions with mixed/strained symmetry like the tetragonal interface layers reported earlier can be important for phase stabilization. The variety of observed interphase boundaries provides insight into how they might influence phase stabilization and enable phase transformation. Immobile boundaries artificially limit the grain size and impart a coherent strain onto the lattices, which is known to play an important role in phase stabilization. 18, 19, 22 With respect to boundary mobility, Figure 5b is instructive. This (010) o (100) m boundary is oriented equivalently to ones previously shown to be mobile in particles of the related zirconia crystal structure. 42 This boundary also displays many unique features that set it apart from the similar boundary presented earlier in Figure 2a . Distinct orthorhombic O9
and monoclinic M7 regions are separated by a complicated interphase boundary, which is segmented into regions R1 and R2 by the dotted lines within the boundary region in Figure   5a . The qualitative symmetry of the Hf sub-lattice is indicated by colored overlays with black indicating pure orthorhombic symmetry, red representing pure monoclinic symmetry, and white labeling regions where the Hf sub-lattice seemingly co-satisfies the symmetry of each phase.
The monoclinic and orthorhombic unit-cells can be thought of as distorted tetragonal unit-cells. 44 Half the the structure resembles, with minor distortion, the parent tetragonal phase, while the other half deviates significantly for both monoclinic and orthorhombic cells, see Figure 5a . The layers with minor distortions are structurally very similar between the monoclinic and orthorhombic phases. By contrast, the majority of the differences between the monoclinic and orthorhombic phase occur within the major distortion layers.
The nominal structures of the major distortion layers are labeled in Figure 5b . Several interesting structural features occur in this boundary. First, the bottom red arrow in R2
indicates a monoclinic-like major distortion layer that becomes an orthorhombic-like major distortion layer across the R2/R1 boundary. Next, the monoclinic major distortion layer at the same red arrow appears "twinned" with respect to the monoclinic major distortion layer indicated by the top red arrow. This twin-like feature occurs across a major distortion layer resembling the orthorhombic phase (black arrow). The monoclinic-like major distortion layer indicated by the top red arrow occurs between two major distortion units with orthorhombiclike structures. From this analysis, it becomes apparent that substitution of a monoclinic-like major distorted layer into an orthorhombic lattice results in an anti-phase-like boundary in the orthorhombic phase (see top red arrow in Figure 5b and red arrow in Figure 5c ). Similarly, insertion of an orthorhomibic-like major distortion layer into the monoclinic lattice results in a "twin-like" defect (see black arrow in Figure 5b ).
The large variation in the structure at these boundaries hints at the potential for mobility during the application of an electric field. Specifically, the "snapshot" in Figure 5b suggests an interphase boundary in various states of converting between the monoclinic and orthorhombic lattices, much as suggested by the "step-flow"-like motion of the same boundary orientation in Ref. 42 Crystal chemistry suggests a double and exert an internal force. Domain boundaries have been suggested as stabilizing higher symmetry phases in zirconia nanoparticles, 45 and interphase boundaries can play a similar role in this system. Phase stability can change in the vicinity of interphase boundaries due to differences in local epitaxial strain, 18, 19, 22 or even due to a departure from the undistorted monoclinic and orthorhombic lattices. 22, 24 In these instances, application of an electric field may be insufficient to destabilize one phase with respect to one another. Such boundaries would also play a role in fatigue mechanisms in these materials. 36 Twin formation in the monoclinic phase has been shown to minimize shear strain during such a transformation for both hafnia-zirconia nanoparticles 36 and hafnia thin films. 35 Due to a restricted geometry, thin films have fewer degrees of freedom by which to change shape, and likely rely more on generation of accommodating defects like dislocations and twin and/or anti-phase boundaries to convert between phases. Moreover, the shear strains required for such a transformation may be inaccessible to certain regions of the sample, locking in a higher symmetry phase. 35 As such, the geometric constraints due to electrode(s), neighboring grain(s), and/or other boundaries may immobilize some of the interphase boundaries with little to no room to move around their eccentric positions.
Conclusions
This work demonstrates the rich structural chemistry accessible to ferroelectric HfO 2 , which enables formation of a complex mixture of domains, planar defects, and interphase boundaries. The complex structure near interphase boundaries hints at a possible continuum between orthorhombic and monoclinic phases in the vicinity of the boundary walls. Further, the distortions present near these boundaries suggests the potential for mobility. These insights yield new perspectives for the modeling of switching and domain wall motion, and provide a basis for comparison to domain wall and interphase boundaries in conventional perovskite ferroelectrics. Overall, this work lays the groundwork for calculations aiming to explore interphase boundary energetics, where further knowledge is needed to improve stability, mobility, and their impact of field-cycling.
Methods
Sample Information 27 nm Gd:HfO 2 capacitors with 10 nm TiN electrodes were grown using atomic layer deposition as described previously. 47 Lamella were prepared for scanning transmission electron microscopy (STEM) by focused ion beam from both cycled and pristine devices using an FEI Quanta. Details of the field cycling can be found in Ref. Where necessary, scan coil distortion was removed by previously described methods. 49 The atom column positions were determined by fitting two-dimensional Gaussian distributions via MATLAB scripting. 50 PACBED patterns were simulated using the MBFIT ("ManyBeam dynamical-simulations and least-squares FITting") package by K. Tsuda at Tohoku University. 51 Simulation parameters matched those from experiment. Structural parameters were taken from Refs. 
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